Topological insulators, with metallic boundary states protected against time-reversal-invariant perturbations [1] , are a promising avenue for realizing exotic quantum states of matter including various excitations of collective modes predicted in particle physics, such as Majorana fermions [2] and axions [3] . According to theoretical predictions [4] , a topological insulating state can emerge from not only a weakly interacting system with strong spin-orbit coupling, but also in insulators driven by strong electron correlations. The Kondo insulator compound SmB6 is an ideal candidate for realizing this exotic state of matter, with hybridization between itinerant conduction electrons and localized f -electrons driving an insulating gap and metallic surface states at low temperatures [5] . Here we exploit the existence of surface ferromagnetism in SmB6 to investigate the topological nature of metallic surface states by studying magnetotransport properties at very low temperatures. We find evidence of one-dimensional surface transport with a quantized conductance value of e 2 /h originating from the chiral edge channels of ferromagnetic domain walls, providing strong evidence that topologically non-trivial surface states exist in SmB6.
Topological insulators, with metallic boundary states protected against time-reversal-invariant perturbations [1] , are a promising avenue for realizing exotic quantum states of matter including various excitations of collective modes predicted in particle physics, such as Majorana fermions [2] and axions [3] . According to theoretical predictions [4] , a topological insulating state can emerge from not only a weakly interacting system with strong spin-orbit coupling, but also in insulators driven by strong electron correlations. The Kondo insulator compound SmB6 is an ideal candidate for realizing this exotic state of matter, with hybridization between itinerant conduction electrons and localized f -electrons driving an insulating gap and metallic surface states at low temperatures [5] . Here we exploit the existence of surface ferromagnetism in SmB6 to investigate the topological nature of metallic surface states by studying magnetotransport properties at very low temperatures. We find evidence of one-dimensional surface transport with a quantized conductance value of e 2 /h originating from the chiral edge channels of ferromagnetic domain walls, providing strong evidence that topologically non-trivial surface states exist in SmB6.
First reported over 40 years ago [6] , SmB 6 is a prototypical Kondo insulator with hybridization between itinerant conduction electrons and localized f electrons causing an energy gap to open at the Fermi energy and an insulating state to appear on cooling temperatures below the onset of the hybridization gap. Recent theoretical calculations [4] have suggested SmB 6 as a candidate for realizing the first strongly correlated version of a threedimensional strong topological insulator (TI) [7] . If true, this could not only solve a long-standing puzzle involving the saturation of electrical resistivity in SmB 6 at low temperatures [6] , but also provide the first case of a truly insulating stoichiometric TI material.
Several recent experimental studies [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] of SmB 6 have provided circumstantial evidence for the existence of topologically non-trivial metallic surface states. However, the existence of polarity-driven metallic surface states [15] and lack of direct evidence of the chiral nature of surface conduction has brought into question the experimental evidence for TI surface states. Here we show a signature of non-trivial topological metallic surface states in SmB 6 as revealed by one-dimensional conduction along domain wall edges in a naturally occurring surface ferromagnetic state. Together with a suppression of weak antilocalization by spin-flip scattering, a hysteretic irreversibility in magnetoresistance and an unusual enhanced domain wall scattering provide evidence of long range magnetic order that gaps the Dirac spectrum of the topological surface states and relegates conduction to chiral edge channels.
Recent transport experiments [8, 9, 16, 17] have proven the existence of metallic conduction at the surface of SmB 6 crystals at temperatures much below the opening of the hybridization gap. In this limit, the surface conductance dominates that of the insulating bulk of the crystal, as shown by nonlocal transport [8] and sample thickness dependence studies [18] . The overall magnetoresistance (MR) in SmB 6 is negative at low temperatures and varies quadratically with field, which can be attributed to the reduction of the Kondo energy gap by magnetic field and the liberation of bulk charge carriers [19] . In Fig. 1 (Fig. 1a) , are qualitatively similar to those taken upon sweeping down, or H dn (Fig. 1b) , but with notable differences. Below 500 mK, an apparent oscillation in the MR is evident in the up-sweep data that diminishes at higher temperatures, reminiscent of Shubnikovde Haas oscillations. A simple background subtraction shows the oscillatory component to have a frequency of ∼ 23 T, corresponding to the Fermi wave number of the 2D Dirac band k F = 0.26 nm −1 and an effective mass of approximately m * /m e ≃ 5 as obtained from k F and band calculations [20] , as well as the temperature range where oscillations are observed. However, the oscillation frequency shifts with temperature, suggesting it cannot be trivially attributed to Shubnikov-de Haas oscillations. More intriguingly, in the down-sweep MR data shown in Fig. 1b , the oscillatory component is strongly suppressed as compared to the up-sweep data, which is not explained by any simple model involving sweeping through Landau levels as a function of increasing or decreasing field. This takes the form of a hysteretic loop that does not depend on the sign of the field, but only on the sweep direction. The hysteretic loop appears to close at a turning field of ∼ 10 T, with no difference in H up or H dn MR above that field, and vanishes if the turning field is less than 4 T. Shown in Fig. 2b , the MR hysteresis also depends on magnetic field orientation with respect to the sample. When the field is oriented parallel to the surface with electrical contacts (H ≡ H [010], I [100]), the difference in up-and down-sweep MR becomes vanishingly small in magnitude. Since it is very unlikely that a bulk-origin anomaly would break the cubic symmetry of the crystal, it is clear that this anomalous MR hysteresis stems from surface conduction. The observation of weak antilocalization (WAL) confirms this picture. In 2D conductors, weak localization appears as a quantum correction to classical magnetoresistance caused by the constructive or destructive interference between timereversed quasiparticle paths. The presence of strong spinorbit coupling or a π Berry's phase associated with the helical states of a topological insulator [21] changes the sign of the correction and gives rise to the signature WAL of enhancement of conductance, which is suppressed by a time reversal symmetry-breaking perturbation. An applied magnetic field thus destroys the WAL effect, as described by the Hikami-Larkin-Nagaoka (HLN) equation [22] ,
where ∆G s is a correction of sheet conductance, α is a WAL parameter, Ψ(x) is the digamma function,
φ and L φ is the dephasing length. The WAL effect is normally only sensitive to the perpendicular component of the magnetic field, as it is an orbital effect. Surprisingly, we observe WAL at low temperatures in both H ⊥ and H field orientations, but with greatly differing correction amplitudes. As shown in Figs. 2c and d, we fit the 20 mK low-field sheet conductance to the HLN formula and extract the α parameter, which should be α = 1/2 for one independent conduction channel. The extracted dephasing length L φ and its temperature dependence (not shown) is comparable to previous results [17] for both field orientations. However, α exhibits a very strong anisotropy, being greatly suppressed in the perpendicular field orientation but much larger in the orientation where magnetic field is parallel to the sample surface with contacts. For H field, the fitted value α = 3.8 determined using the surface area of the sample sides perpendicular to the field direction is consistent with a scenario where two surfaces each contribute α = 1/2 per Dirac band (i.e., three Dirac bands are predicted by theoretical calculations to reside at Γ and X/Y points in SmB 6 [11] [12] [13] [14] ).
For the H ⊥ field orientation, where one would expect a similar contribution, we extract a greatly suppressed value of α ⊥ =0.17. We attribute this suppression to the presence of spin-flip scattering, omitted in Eq. 1. Spinflip scattering suppresses WAL due to destructive interference, leading to α = 0 in the extreme limit where spinflip scattering is much stronger than spin-orbit scattering [22] . In SmB 6 , spin-flip scattering centers likely nucleate from unscreened or missing f -electron Sm moments (socalled "Kondo holes" [23] ) that have been proposed to explain logarithmic corrections to surface conductance at low temperatures [17] . In the present case, these moments play a similar role to that of magnetic impurities in forming a ferromagnetic (FM) state on the surface of a topological insulator [24] . In this situation, the surface states stabilize FM order via RKKY interactions due to a large Fermi wave number, if the chemical potential is close to the Dirac point [24] . This surface FM order naturally explains the hysteresis in the MR and the anisotropy of α due to spin-flip scattering: we observe the expected α value for H field orientation when there is negligible MR hysteresis, and thus no FM order, while we observe a reduction of α for H ⊥ fields in the presence of notable MR hysteresis. Fig. 3a presents the MR data for up-and downsweeps at different temperatures plotted as conductance G, highlighting the closing of the hysteresis loop upon increasing temperature. We attribute this behavior with the suppression of FM order at a Curie temperature of T C ≃ 600 mK. We can compare T C with a mean field calculation for FM ordering of localized moments on the surface of a topological insulator [24] :
We set lattice constant a 0 = 4.13Å [25] , Landé g-factor g J = 2/7 for the Γ 8 ground state of Sm 3+ ions in a cubic crystal field with the total angular momentum J = 5/2 [19] , exchange coupling between Dirac electron spin and localized moments J z = 0.1 eV [26] , and obtain Dirac Fermi velocity v F = 0.061 and 0.022 eVÅ and cutoff energy E c = 14 and 5.5 meV (associated with the termination of the Dirac surface band), and the Dirac Fermi energy µ = 6.2 and 2.0 meV for Γ and X/Y points, respectively, from band calculations [20] . Assuming a magnetic impurity (i.e., Kondo hole) concentration of the order of 0.1% yields a value of T C ∼ 1 K, in agreement with our observations. The hysteresis loop shape in SmB 6 is, however, quite different from the conventional butterfly shape observed in common ferromagnetic materials. First, the loop is not centered around zero magnetic field, which can occur in certain situations (e.g., exchange bias [27] , 'negative' hysteresis [28] ) but is not consistent with the usual overshoot that is necessary to overcome a coercive field. Second, the increased scattering observed in SmB 6 upon decreasing field is opposite to that usually observed in a ferromagnet, where scattering associated with domain walls is typically enhanced on magnetization reversal. Rather, there is an enhanced conductance in SmB 6 upon up-sweep that is diminished upon reaching the turning field and returning to low fields. Similar behavior has been previously observed in ferromagnetic Mn-doped Bi 2 (Te,Se) 3 thin films tuned by ionic liquid gating techniques [29] . In this magnetic TI system, a reversal of the usual hysteresis butterfly shape occurs upon gating the system into the bulk gap regime, where the TI chiral conducting modes trapped by domain walls result in an anomalous Hall conductance associated with a quantum Hall droplet [1] . In this picture, the domain-wall conductance is enhanced during reversal of the magnetization because the number of domain walls increases; at the coercive field, where the number of the domain walls is a maximum, the conductance exhibits a maximum.
In SmB 6 , this is readily shown by plotting the difference in conductance, ∆G=G up -G dn (see Fig. 3c ), where G up (G dn ) is the magnetoconductance for H up (H dn ). With decreasing temperature, ∆G is gradually enhanced and the peak position shifts to higher field. The temperature dependence of this characteristic field H * follows a mean-field-like order parameter dependence that terminates at the Curie temperature T C =600 mK, as shown in Fig. 3c inset. We therefore interpret H * as a coercive field, in terms of the enhancement of the conductance. Below 100 mK, the peak conductance at H * reaches a value of ∼ e 2 /h. This value is also observed in a second sample with very different values of measured resistance and sample dimensions, indicating that the observed conductance of e 2 /h is not coincidental and possibly quantized. To explain the anomalous hysteresis in SmB 6 , we hypothesize that the domain-wall conductance is equal to the anomalous quantum Hall conductance, and is quantized as (n + 1/2)e 2 /h, as expected in a massive Dirac spectrum induced by ferromagnetically ordered moments pointing out of the surface plane [1, 30] .
An observed surface state magnetoconductance approaching a value of e 2 /h reveals a key signature of quantized one-dimensional domain wall transport in SmB 6 stabilized by Dirac-electron-mediated ferromagnetism, and presents strong evidence for the existence of topologically non-trivial surface states. A half-quantized conductance of 1 2 e 2 /h would be expected if the surface state Fermi energy is in the gap and in the lowest Landau level of n = 0. Assuming both top and bottom surfaces contribute equally to the total conductance, this gives the observed value of e 2 /h = 2 × 1 2 e 2 /h. Note that three Dirac bands are calculated to reside at the Γ and X/Y points in SmB 6 [11] [12] [13] [14] , and that the Γ Dirac point lies lower in energy from the other two. The quantized conductance of e 2 /h suggest that the chemical potential sits in the gap only at the Γ points, while it is above the gaps at the X/Y points as shown in Fig. 2c . In fact, we observe the saturation of the resistance in this sample, which indicates that there remains surface conduction channels at very low temperatures as shown in the inset of Fig. 1a . In this case, a quantized anomalous Hall effect in the Hall resistance, such as observed in gate-tuned Cr-doped Bi 2 Se 3 [31] , is likely masked by the conduction of Dirac electrons at the X/Y points. With a truly insulating bulk band structure, future gating experiments [18] utilizing single-crystal surfaces should readily facilitate the observation of other quantized properties in this system. 2 /h and -0.3e 2 /h, respectively, for clarity). The closure of the hysteretic loop with increasing temperature is consistent with the loss of surface ferromagnetism at a Curie temperature of ∼ 600 mK. The enhanced (decreased) conductance upon up(down)-sweep is opposite to that expected in conventional ferromagnetic metals, providing an indication of the topological nature of the surface conducting states (see text). b, Magnetic field dependence of the difference of up-and down-sweep magnetoconductance ∆G=Gup-G dn . The appearance of one quantum of conductance e 2 /h in the low temperature limit provides evidence for a scenario where surface ferromagnetism gaps the topological conducting states within magnetic domains on the surface, limiting conductance to the domain walls. Arrows indicate the characteristic field H * where a maximum in ∆G is associated with a coercive field (see text). The inset presents the mean field-like temperature dependence of H * , consistent with the onset of ferromagnetic order at 600 mK. c, A schematic representation of the proposed ferromagnetic domain structure and domain walls separating domains of oppositely oriented moments, providing the location for one-dimensional edge state transport. d, Schematic band structure for SmB6 at the Γ and X/Y high-symmetry points. Due to the localized ordered moments, energy gaps are induced at the Dirac points, meaning the Dirac bands become massive. Because the chemical potential µ is fixed at one value, it likely falls within the gap of one band but not in the other (see text).
